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Using density-functional theory ~DFT! we present a detailed theoretical study of MoS2 nanoparticles. We
focus on the edge structures, and a number of different edge terminations are investigated. Several, but not all,
of these configurations have one-dimensional metallic states localized at the edges. The electronic structure of
the edge states is studied and we discuss their influence on the chemical properties of the edges. In particular,
we study the reactivity towards hydrogen and show that hydrogen may form stable chemical bonds with both
the two low-Miller indexed edges of MoS2. A model for calculating Gibbs free energy of the edges in terms of
the DFT energies is also presented. This model allows us to determine the stable edge structure in thermody-
namic equilibrium under different conditions. We find that both the insulating and metallic edges may be stable
depending on the temperature and the composition of the gas phase. Using the Tersoff-Hamann formalism,
scanning-tunneling microscopy ~STM! images of the edges are simulated for direct comparison with recent
STM experiments. In this way we identify the experimentally observed edge structure.
DOI: 10.1103/PhysRevB.67.085410 PACS number~s!: 61.46.1w, 68.65.2k, 73.20.2r, 73.22.2f
I. INTRODUCTION
MoS2 is a remarkable material in the sense that it has a
number of interesting, yet very different, properties. Here we
name four: ~i! the ability to form nanotubes. MoS2 is a lay-
ered material and experimentally it has been demonstrated
that a single layer of MoS2, like graphene, can be warped
into nanotubes.1 ~ii! MoS2 can work as a catalyst. MoS2
particles form the basis for the catalyst used in the hydrodes-
ulferization ~HDS! process.2 This is one of the first steps in
oil refining where sulfur is removed from the crude oil. It is
generally believed that the active sites are located at the
edges of the catalyst particles and are associated with the
presence of coordinatively unsaturated Mo atoms. ~iii! MoS2
is an effective solid lubricant. MoS2 fullerenelike particles
have been reported to have very low friction and wear
properties.3,4 This makes MoS2 an important material when
liquid lubricants are impractical, such as in space technology
and ultrahigh vacuum. ~iv! MoS2 can generate one-
dimensional, conducting-electron states. Recently we re-
ported that one-dimensional, metallic states are localized at
the edges of MoS2 nanoparticles.5 Experimentally triangular
shaped, single-layer MoS2 nanoparticles can be grown on a
reconstructed Au~111! surface6 and studied using scanning-
tunneling microscopy ~STM!.7,8 In Ref. 5 we showed that a
bright brim of high conductance extending along the edges
of the MoS2 nanoclusters is associated with such a metallic
edge state.
In this paper we present a detailed theoretical study of
single-layer MoS2 nanostructures. The focus is on the edges
of the nanoparticles, and their structural and electronic prop-
erties are analyzed using density-functional theory ~DFT!. In
particular, we shall investigate the two low-Miller index
edges: the so-called Mo edge and S edge. We show that
one-dimensional edge states are localized at both types of
edges but we also find that their electronic structure is cru-
cially dependent on the edge termination. For instance, the
different structures may be either metallic or insulating. The
electronic structure ultimately also determines the chemical
properties. Using hydrogen as a probe we investigate the
chemical activity of the edges and find that hydrogen may
adsorb at both the Mo edge and the S edge.
Based on the DFT results we construct a thermodynamic
model for the MoS2 edges allowing us to investigate their
atomic structure under various conditions. It is shown that
both the metallic and insulating edges may be stable depend-
ing on the ambient pressure and temperature. Moreover, in a
hydrogen-rich environment, e.g., HDS conditions, we find
that atomic hydrogen will be adsorbed at both the Mo edge
and the S edge. The abundance of hydrogen at the edges is
important since during the catalytic reaction the sulfur-
containing oil molecules are reduced by hydrogen.
Experimentally MoS2 nanoparticles have recently been
investigated using STM.7 They were synthesized on a recon-
structed Au~111! substrate and were reported to have a trian-
gular morphology. Based on the DFT calculations we simu-
late STM images of the MoS2 edges and these images are
then used to identify the experimentally observed edge struc-
ture. The STM experiment is also discussed in terms of the
thermodynamic model.
This paper is organized in the following way: in Sec. II
the details of the DFT calculations are given and Sec. III
describes the thermodynamic model for the MoS2 edges. In
Sec. IV the theoretical method used for simulating STM im-
ages is outlined. The atomic and electronic properties of bulk
MoS2 are presented in Sec. V and the STM imaging of the
MoS2 basal plane with and without an underlying Au sub-
strate is discussed in the subsequent section. Section VII is
devoted to an atomic and electronic structure analysis of the
Mo edge. This includes a discussion of the influence of Au
on the Mo edge. In Sec. VIII we investigate the possibilities
for hydrogen adsorption at the Mo edge. Section IX is de-
voted to a study of the atomic and electronic structure at the
S edge. Here we also investigate the possibilities for hydro-
gen adsorption at this edge termination. In Sec. X we discuss
the effects caused by having finite-size MoS2 edges. We
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compare the theoretical analysis with recent experimental
STM data in Sec. XI and finally a summary is provided in
Sec. XII.
II. SETUP AND CALCULATIONAL DETAILS
Bulk MoS2 is a layered material and a single layer con-
sists of an S-Mo-S sandwich. In each such layer the Mo
atoms are arranged in a hexagonal lattice and are positioned
in a trigonal prismatic coordination with respect to the two S
layers. This implies that each Mo atom is coordinated by six
S atoms. A single layer of MoS2 can be terminated by two
different low-Miller index edges: the sulfur-terminated
(1¯010) edge and the molybdenum-terminated (101¯0) edge.
They will be referred to as the S edge and Mo edge, respec-
tively. A number of different structures are feasible at each of
these edges, see Fig. 1, but the more detailed description of
their geometric structure is deferred to Secs. VII and IX.
The edges of single-layer MoS2 are investigated in a
model system consisting of a stripe of MoS2 that is repeated
in a supercell geometry, as illustrated in Fig. 1. Along ^0001&
there is 8.8 Å of vacuum between the repeated planes and
they are separated by 8.9 Å of vacuum in the direction per-
pendicular to the edges. The upper and lower sides of the
stripe are terminated by the Mo edge and S edge, respec-
tively. In the following the size of a MoS2 stripe will be
indicated by the number of Mo atoms in the (x ,y) directions,
(nx ,ny), contained within a single unit cell.
The density-functional calculations are carried out as
follows:9–12 The Kohn-Sham ~KS! orbitals are expanded in
plane waves with kinetic energies below 25 Ry.13 The first
Brillouin zone is sampled in a one-dimensional grid14 with a
separation of 0.16 Å21 between neighboring k points. For a
supercell having a periodicity of one in the x direction, see
Fig. 1, this corresponds to 12 k points. The ionic cores are
replaced by ultrasoft pseudopotentials,15 and in order to treat
exchange and correlation effects the Perdew-Wang 1991
~PW91! functional is used.16 First, the single-electron KS
equation is solved by iterative diagonalization and the result-
ing KS eigenstates are populated according to the Fermi dis-
tribution. Then Pulay mixing of densities is applied, and the
entire procedure is repeated until a self-consistent electron
density is obtained. The total energies are subsequently ex-
trapolated to zero temperature.17 In all calculations the entire
atomic structure is optimized by allowing the individual at-
oms to relax according to the calculated Hellmann-Feynman
forces.
III. THERMODYNAMIC MODEL
In order to investigate the relative stability of the edge
terminations under different thermodynamic conditions it is
desirable to extend the DFT results to finite temperatures. In
this section we shall derive an approximate scheme for cal-
culating the Gibbs free energy of an MoS2 edge in the pres-
ence of an atmosphere containing both H2S and H2. This
model allows us to study the edges of MoS2 in terms of a set
of experimentally tunable parameters (T ,pH2S ,pH2), tem-
perature and partial pressure of H2S and H2, respectively.
The approach is based on a general methodology that has
previously been applied in Refs. 18–20.
A. Edge free energy
We consider an MoS2 stripe on the form shown in Fig. 1,
and define its edge free energy g as
g5
1
2L @Gstripe~MoS21NHH!2NMomMo2NSmS2NHmH# ,
~1!
where Gstripe(MoS21NHH) is the Gibbs free energy of a
single unit cell. Ni and m i refer to the number of atoms in the
unit cell and the chemical potential, respectively, of element
i. L is the length of the edge. The most stable configuration
will then be the one that minimizes g . The factor of 2 in Eq.
~1! indicates that the stripe exposes both the Mo edge and the
S edge and hence g represents the average edge free energy
of the two edges. This means that we can study the relative
stability of configurations located at the same edge provided
that the configurations at the opposite edge are identical. On
the other hand the edge free energy of the individual edges
cannot be evaluated and hence the model does not give any
information on the relative stability between the S edge and
Mo edge. We also note that by retaining the chemical poten-
tial of hydrogen in the definition of g , the possibility for
hydrogen adsorption on the MoS2 stripe is included in the
model.
If the MoS2 stripe is sufficiently large the edges will be in
thermodynamic equilibrium with bulk MoS2, i.e.,
gMoS2
bulk 5mMo12mS , ~2!
FIG. 1. Left: top view of the ~0001! surface of a ~1,12! single-
layer MoS2 stripe. The stripe is terminated by the (101¯0) molyb-
denum edge ~Mo edge! and the (1¯010) sulfur edge ~S edge!. The
bright spheres represent S atoms whereas the dark spheres corre-
spond to Mo atoms. The outline of the unit cell is indicated furthest
to the left. Right: edge terminations of the Mo edge and S edge
viewed from the sides of the edges. The MoS2 stripe shown on the
left is seen to have S dimers adsorbed at the Mo edge and a fully
covered S edge.
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where gMoS2
bulk is the Gibbs free energy of a formula unit of an
infinite MoS2 sheet. Hence the chemical potentials mS and
mMo cannot be varied independently and inserting this con-
straint in Eq. ~1! yields
g5
1
2L @Gstripe~MoS21NHH!2NMogMoS2
bulk
1~2NMo2NS!mS2NHmH# . ~3!
We now proceed to express the free energies of the solid
states entering Eq. ~3! in terms of their corresponding DFT
energies. In general the Gibbs free energy can be written in
terms of the Helmholtz free energy f as g5 f 1pV , where p
is the pressure and V is the volume. For solids the last term is
negligibly small and can be omitted. For the temperatures in
question, T!TF , the electronic degrees of freedom will be
almost completely frozen out and thus f elec .Eelec is a good
approximation. We can then write the free energy of the solid
as21
gsolid.Esolid1 f vib , ~4!
where the electrostatic energy of the ions is included in Esolid
and f vib is the Helmholtz free energy due to the lattice vibra-
tions. We now make the approximation and assume gsolid
.Esolid , thus neglecting the vibrational contributions to the
Helmholtz free energy. The edge free energy in turn becomes
g5
1
2L @Estripe~MoS21NHH!2NMo EMoS2
bulk
1~2NMo2NS!mS2NHmH# . ~5!
The validity of this expression relies on the importance of
f vib . Within the harmonic approximation for lattice vibra-
tions this quantity is given by
f vib5(
i
E dkVBZ H 12 \v i~k!1kBT lnF12expS 2 \v i~k!kBT D G J ,
~6!
where VBZ is the volume of the first Brillouin zone and the
sum runs over all vibration modes. Since a large part of the
MoS2 stripe is bulklike we expect that the vibrational contri-
butions from this region are canceled by the corresponding
terms associated with NMogMoS2
bulk
, see Eq. ~3!. Hence the
main approximation of Eq. ~5! amounts to the omission of
the lattice vibrations at the edges. The optical vibration fre-
quencies of a sheet of MoS2 have been measured at k5G to
be around 400 cm21 using Raman spectroscopy.22 In order to
obtain an estimate of the corresponding Helmholtz free en-
ergy we assume the modes to be dispersionless and find
f vib;1022 eV per mode at room temperature. Hence, if the
frequencies at the edges are not significantly changed the
vibrational contribution will be small and thus Eq. ~5! repre-
sents a reasonable approximation. If, on the other hand, the
frequencies at the edges are significantly perturbed the valid-
ity of Eq. ~5! will be more limited.
B. Chemical potentials
In this section we derive two expressions for the chemical
potentials entering Eq. ~5! that enable us to estimate these
quantities in terms of the DFT energies for the isolated H2
and H2S molecules. We start by examining the chemical po-
tential of an ideal gas, mgas(T ,p). This quantity can be ex-
pressed in terms of a reference pressure, p0:
mgas~T ,p !5mgas~T ,p0!1kBT lnS pp0D . ~7!
In general the chemical potential is given by m5h2Ts ,
where h is the enthalpy and s the entropy. Hence we can
write
mgas~T ,p !5hgas~T ,p0!2Tsgas~T ,p0!1kBT lnS pp0D
5@hgas~T ,p0!2hgas~T50 K,p0!#
1@hgas~T50K,p0!2Egas#
1Egas2Tsgas~T ,p0!1kBT lnS pp0D
5Dhgas~T ,p0!1Egas
vib~T50 K!1Egas
2Tsgas~T ,p0!1kBT lnS pp0D , ~8!
where Dhgas(T ,p0)5hgas(T ,p0)2hgas(T50 K,p0) and
Egas
vib(T50 K) represents the sum of the zero-point vibration
energies for the molecule.
In the presence of an atmosphere containing H2S and H2,
sulfur may be exchanged with the MoS2 stripe via the reac-
tion
H2~g !1S~* !
H2S~g !1~* !, ~9!
where (*) denotes a sulfur vacancy on the MoS2 stripe. It is
assumed that the reaction is in thermodynamic equilibrium.
Assuming H2S and H2 to behave like ideal gases infers
mS5mH2S2mH2
5@DhH2S~T ,p
0!2DhH2~T ,p
0!#1@EH2S
vib ~T50 K!
2EH2
vib~T50 K!#2~EH2S2EH2!2T@sH2S~T ,p
0!
2sH2~T ,p
0!#1kBT lnS pH2SpH2 D , ~10!
where Eq. ~8! has been applied. Choosing p051 bar, experi-
mental data for Dh(T ,p0) and s(T ,p0) may be found in
standard thermodynamic tables24,23 and Evib(T50 K) is es-
timated from experimental values for the molecular vibration
frequencies.24 In Eq. ~10! it is noticed that mS only depends
on the ratio pH2S /pH2 and not on the individual partial pres-
sures.
ATOMIC AND ELECTRONIC STRUCTURE OF MoS2 . . . PHYSICAL REVIEW B 67, 085410 ~2003!
085410-3
Next we turn our attention to the second chemical poten-
tial entering Eq. ~5!, mH . In the presence of H2, hydrogen
may adsorb on the MoS2 stripe via the reaction
H~* !

1
2H21~* !, ~11!
where (*) now indicates a hydrogen adsorption site on the
MoS2 stripe. Assuming the reaction to be in thermodynamic
equilibrium we can write
mH5
1
2 mH25
1
2 FDhH2~T ,p0!1EH2vib~T50 K!1EH2
2TsH2~T ,p
0!1kBT lnS pH2p0 D G , ~12!
where Eq. ~8! has been applied.
C. Range of chemical potentials
In terms of Eqs. ~10! and ~12! the chemical potentials for
sulfur and hydrogen may be estimated. However, these quan-
tities cannot be varied without bounds and this section deals
with the estimation of these bounds.
We start by examining the range of the chemical potential
for sulfur, mS . If it becomes too large the sulfur will prefer to
form bulk sulfur and the solid state of MoS2 becomes un-
stable. This upper bound can be written as
mS<mS(bulk)’ES(bulk) , ~13!
where in the last term we have applied the approximation for
the free energy of a solid, discussed in Sec. III A. A similar
argument also applies to bulk molybdenum and leads to the
lower bound. The free energy of formation for MoS2 ,
DG f
MoS2
, is given by
DG f
MoS25gbulk
MoS22mMo(bulk)22mS(bulk) . ~14!
Combining this expression with Eq. ~2! yields
mS2mS(bulk)5
DG f
MoS2
2 2
1
2 @mMo2mMo(bulk)# . ~15!
In order for MoS2 to be stable against the formation of Mo it
is required that mMo2mMo(bulk)>0 and the lower bound then
follows from Eq. ~15!,
mS2mS(bulk)>
DG f
MoS2
2 . ~16!
An estimate for DG f
MoS2 is obtained by approximating it with
the energy of formation, DE f
MoS2
, i.e.,
DG f
MoS2’DE f
MoS25Ebulk
MoS22EMo(bulk)22ES(bulk) . ~17!
Using the a phase of sulfur for the evaluation of ES(bulk) we
find DE f
MoS2522.58 eV (259.5 kcal/mol). The experimen-
tal value for the heat of formation for MoS2 at zero tempera-
ture is given by 255.52 kcal/mol.23 In summary the bounds
on mS are estimated to be
21.3eV&mS2mS(bulk)&0. ~18!
Next we focus on the bounds for the chemical potential of
hydrogen, mH . The upper limit of mH is determined by the
point at which hydrogen will begin to condense on the MoS2
stripe. However, for the temperatures of interest the solid
phase of H2 does not exist. An appropriate upper limit for mH
is thus set by
mH&
1
2 EH2, ~19!
i.e., by the energy of an isolated H2 molecule at zero tem-
perature. On the other hand hydrogen will only be adsorbed
on the MoS2 stripe as long as
NHmH>min@Gstripe~MoS21NHH!2Gstripe~MoS2!# .
~20!
The right-hand side can again be approximated by replacing
Gstripe with the corresponding DFT energies. Next we define
DEH5Estripe~MoS21NHH!2Estripe~MoS2!2
NH
2 EH2.
~21!
When neglecting zero-point vibrations, DEH can be identi-
fied as the total hydrogen binding energy in the zero-
temperature limit. By combining Eqs. ~19!–~21! we get
DEH
NH
&mH2
1
2 EH2&0. ~22!
Equation ~22! indicates the range of mH within which hydro-
gen can be adsorbed on the MoS2 stripe. The lower limit, of
course, depends on the studied configuration.
D. Summary
The calculational procedure for the thermodynamic treat-
ment can now be summarized: Equation ~5! is used to calcu-
late the edge free energy, g(mS ,mH ), for different edge con-
figurations. For given mS and mH the stable structure will be
the one that minimizes g . The values of the chemical poten-
tials can in turn be estimated through the experimental pa-
rameters, pH2S , pH2, and T, using Eqs. ~10! and ~12!.
IV. STM ANALYSIS
The theoretical STM analysis is based on the Tersoff-
Hamann formalism.25,26 According to this treatment the tun-
neling matrix element between the tip and the surface is pro-
portional to ucn(r0)u2, where cn is an eigenstate of the
investigated surface and r0 is the position of the STM tip.
This allows the tunneling current, I, to be written as
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I~U ,r0!}(
n
E d«@nF ~«!2nF ~«1eU !#ucn~r0!u2
3d~«1eU2«n!, ~23!
where nF («) is the Fermi distribution function and U is the
applied bias voltage. In the case of a small bias voltage Eq.
~23! may be approximated by
I~r0!}(
n
ucn~r0!u2d~«F 2«n!5r~r0 ,«F !, ~24!
leading to the well-known result that a constant current STM
image simply reflects an isosurface of the local density of
states ~LDOS! at the Fermi level, r(r0 ,«F ).25,26
We use the KS orbitals obtained from a self-consistent
density-functional calculation to evaluate the tunneling ma-
trix elements. Due to the discrete sampling of the Brillouin
zone the energy levels appearing in Eq. ~24! are replaced by
Gaussians of finite width. However, the choice of Gaussian
width is somewhat subtle and some caution is required, in
particular, when examining narrow-gap semiconductors.
Such a material will not be imaged in STM using a small
bias voltage but if the Gaussian width exceeds the band gap
an artificial nonzero LDOS and, hence, also current results.
For the simulated STM images presented in this paper the
Gaussian width has been carefully chosen so that only the
relevant parts of the metallic bands are included. Moreover,
convergence of the corrugation of the simulated STM image
requires that a dense k-point grid be used. The k-point grids
used for simulating STM images of the MoS2 stripes involve
a sampling rate of 0.04 Å21. This should be compared with
0.16 Å21 which is used for the energetical calculations.
The contour value used to generate the STM image, i.e.,
the value of r(r0 ,«F ), is determined by matching the mea-
sured corrugation along the close-packed row of S atoms in
the interior of an MoS2 nanocluster with the corresponding
calculated value. In the interior the effects of the edges are
expected to be negligible and we model this region by an
infinite MoS2 slab deposited on an Au~111! substrate. @The
Au~111! surface is modeled as a rigid two-layer slab assum-
ing epitaxial growth of MoS2.# The corresponding line scan
and STM image are shown in Fig. 2.
Using a contour value of r(r0 ,«F )58.3
31026 (Å3eV)21 the calculated corrugation, 0.22 Å, be-
comes equal to the experimentally measured value of 0.22
60.05 Å.27 The average height above the top S layer then
becomes 2.72 Å. In Fig. 2 the simulated STM image shows
the S atoms to be imaged as protrusions whereas the depres-
sions are associated with Mo atoms. This is in agreement
with previous studies of MoS2.28,29 The interaction between
the Au surface and the MoS2 slab will be analyzed in more
detail in Sec. VI.
V. BULK MoS2
As described in Sec. II bulk MoS2 is a layered material.
The individual S-Mo-S layers are weakly bound to each
other by van der Waals forces and the unit cell consists of
two such layers. They are stacked so that the Mo atoms of
the upper layer are directly above the S atoms of the lower
layer and vice versa. In Table I we compare calculated struc-
tural parameters for MoS2 with their experimental counter-
parts.
It is noticed that the structural parameters for the S-Mo-S
slab are in good agreement with the corresponding measured
quantities. On the other hand the S-Mo-S layer separation is
overestimated by 1.6 Å. This discrepancy is attributed to the
fact that the van der Waals forces are poorly modeled within
the applied generalized gradient approximation ~PW91! for
the exchange-correlation functional, see, e.g., Ref. 31. In the
absence of these forces the S-Mo-S layers will be less tightly
bound and the calculated DFT equilibrium distance between
the layers thus becomes overestimated.
Electronically bulk MoS2 is known to be a semiconductor
and in Table I both the experimental and calculated values of
the direct and indirect energy band gaps are shown. It is seen
that the energy gaps are underestimated by the DFT calcula-
tions. This is an error often encountered within DFT using
local or semilocal exchange-correlation functionals.32 For
comparison the value of the indirect band gap has previously
been calculated to be 0.77 eV.28 It is also noticed that for a
single layer of MoS2 the indirect band gap is almost equal to
FIG. 2. An infinite slab of MoS2 on Au~111!. Left: The simu-
lated line scan along the close-packed row of S atoms. The height z
is measured relative to the top S layer and the corrugation is 0.22 Å.
The vertical lines indicate the position of the S atoms. Right: The
simulated STM image where the Au atoms have been omitted for
clarity. The contour value is r(r0 ,«F )58.331026 (Å3 eV)21 and
the color scale, black→white, corresponds to a variation of 0.3 Å.
TABLE I. Experimental and calculated structural and electronic
parameters for MoS2. The calculated energy gaps for bulk MoS2
are obtained using the experimental value for the S-Mo-S layer
separation ~2.975 Å!.
Experiment DFT
Structural constants
Hexagonal lattice constant ~Å! 3.160a 3.22b
S-Mo-S layer height ~Å! 3.172a 3.16b
S-Mo-S layer separation ~Å! 2.975a 4.57c
Electronic constants
Direct energy gap ~eV! 1.78a 1.55 ~1.64b!
Indirect energy gap ~eV! 1.29a 0.84 ~1.63b!
aReference 30.
bValue is obtained for a single-layer MoS2 slab.
cDFT calculation carried out with a plane-wave cutoff energy
of 45 Ry.
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the direct band gap and is thus significantly larger than for
bulk MoS2.
VI. STM IMAGING OF MoS2 BASAL PLANE
In the STM experiments a herringbone reconstructed Au
surface6 is used as a template for the growth of the MoS2
nanoclusters. Hence the question arises as to whether the
electronic structure of MoS2 is strongly influenced by the
presence of this substrate. Au is well known to be chemically
inert33 but clearly it must be important for the imaging of the
interior of the nanoclusters since a nonzero current is mea-
sured in this region:5 as pointed out in Sec. V an infinite
sheet of MoS2 is semiconducting with a band gap much
larger than the experimentally applied bias voltage. There-
fore, in the absence of Au the interior of the nanoclusters will
not be imaged, disregarding effects caused by impurities.
We model the interior of the nanocluster by an infinite
MoS2 slab placed on an Au~111! surface, see also Sec. IV.
The distance between the Au surface and the bottom S layer
is calculated to be 2.99 Å. Selected energy bands in the two-
dimensional Brillouin zone are shown in Fig. 3 along with
the energy bands of MoS2 and Au~111! separately.
Here it is seen that the valence band of MoS2 interacts
with one of the metallic Au bands. Near the edges of the
Brillouin zone, K and M, the metallic band of the MoS2 /Au
system resembles that of the unperturbed Au~111! surface.
On the other hand, near the G point the shape primarily iden-
tifies with the unperturbed MoS2 valence band which has,
however, now been shifted upwards by about 0.3 eV. The
opposite behavior is noticed for the valence band of the com-
bined system. All these observations have been verified by
direct inspection of the corresponding KS wave functions.
The interaction between the MoS2 slab and the Au surface
thus results in an avoided crossing between the metallic Au s
band and the MoS2 valence band. This has important conse-
quences for the electronic structure of MoS2 at the Fermi
level. Even though the metallic band at kF will be dominated
by the metallic Au state it will also have a small weight on
the MoS2 valence band. In this way the MoS2 slab becomes
weakly metallic when deposited on an Au~111! surface, and
this explains that a nonzero current is measured in the inte-
rior of the MoS2 nanoclusters. The imaging of the interior of
the nanoclusters is thus an effect caused by the presence of
the Au substrate.
VII. Mo EDGE
A. Edge configurations
The molybdenum-terminated (101¯0) edge ~Mo edge! ex-
poses a row of Mo atoms leaving the Mo edge atoms with a
coordination of only four S atoms. For this reason the clean
Mo edge is energetically not stable18,34 and the Mo edge
atoms prefer to be coordinatively saturated by the adsorption
of additional S atoms. It has previously been reported that
two configurations are feasible at the Mo edge.18,34 They are
referred to as the S dimer and the S monomer configuration
and are shown in Fig. 1. Both involve the adsorption of S
atoms and render the Mo atoms at the edge fully coordinated
by six S atoms. The so-called S dimer configuration corre-
sponds to adsorbing an additional row of S atoms at the edge
where the S atoms are seen to form dimers in the z direction.
Hence the S dimers are in registry with respect to the bulk S
lattice. The S monomer configuration involves half the num-
ber of adsorbed S atoms but reconstructs in order to keep the
coordination of the Mo edge atoms fixed at six. Therefore,
the S monomers are shifted by half a lattice constant with
respect to the S lattice, see Fig. 1. In contrast to the S dimer
configuration the S monomer configuration spontaneously
breaks the symmetry of the lattice along the edge introducing
a superstructure with a periodicity of two lattice constants:
the bond length between the S monomers and the row of Mo
edge atoms varies between 1.89 Å and 1.68 Å and the Mo
edge atoms themselves are found to dimerize in the x direc-
tion with an amplitude of 0.16 Å.
B. Energetics
In this section the focus will be mainly on the relative
stability of the S monomer and the S dimer configurations.
First the energetics is investigated in the zero-temperature
limit and we then extend the results to more realistic condi-
tions using the thermodynamic model derived in Sec. III.
Edge configurations involving a different number of S
atoms are related via the reaction in Eq. ~9!, and the energy
cost associated with the removal of a sulfur atom at T
50 K is then given by
DES 5E@MoS21~* !#1E~H2S!
2E@MoS21S~* !#2E~H2!, ~25!
neglecting the zero-point vibration energies of both the mol-
ecules and the solid. In the following we shall evaluate this
quantity for the three edge terminations shown in Fig. 1. For
the S monomer configuration relative to the S dimer configu-
ration we find DES 520.12 eV/at., thus indicating that the
S monomer configuration is slightly more stable than the S
dimer configuration at zero temperature. On the other hand,
the intermediate configuration has a positive value of DES
with respect to the S dimer configuration, DES 50.49 eV.
(DES relative to the S monomer configuration is, of course,
FIG. 3. Comparison of selected energy bands of an infinite
single-layer MoS2 /Au(111) slab ~solid! with the corresponding en-
ergy bands of the MoS2 slab ~dashed! and the Au~111! surface
~dotted! separately. The Fermi level for the semiconducting MoS2
slab is adjusted so that the valence band coincides with the valence
band of the metallic MoS2 /Au(111) system close to the Brillouin-
zone boundaries.
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still negative.! This behavior is explained by the observation
that the intermediate configuration does not reconstruct and
hence exposes coordinatively unsaturated Mo edge atoms. In
general we thus expect all intermediate configurations to be
unstable relative to both the S monomer and S dimer con-
figurations. This in turn implies that the transition from the S
dimer configuration to the S monomer configuration is asso-
ciated with an energy barrier and the value, DES
50.49 eV, can be taken as a minimum value for the activa-
tion energy of this reaction.
The zero-temperature results can now be extended to
more realistic conditions. The edge free energy is calculated
using Eq. ~5! and the values for the three configurations stud-
ied above are plotted in Fig. 4 as a function of the chemical
potential of sulfur, mS .
Since neither of these configurations involve the adsorp-
tion of hydrogen they are all independent of mH . The more
general treatment including the possibility of hydrogen ad-
sorption will be presented in Sec. VIII. Figure 4 shows that
the atomic structure at the Mo edge is dependent on the
ambient conditions and temperature, and a change of stabil-
ity occurs at mS 2m S(bulk) ;20.21 eV. Below this value the
S monomer configuration is stable while the S dimer con-
figuration is preferred above this point. As expected, the in-
termediate configuration exposing unsaturated Mo atoms is
not stable at any realistic value of mS . We note that the
results in Fig. 4 are consistent with previous work on MoS2
presented in Refs. 18 and 35.
In Table II the chemical potential for sulfur is calculated
for three sets of (T ,pH2S ,pH2) and the arrows in Fig. 4 refer
to these situations.
It is noticed that S monomers are expected to be adsorbed
at the Mo edge under HDS conditions. During STM imaging
and sulfidation conditions, ~I! and ~S!, mS is significantly
higher but Fig. 4 still suggests that S monomers are adsorbed
at the Mo edge. It is also noticed that mS during imaging is
close to the transition point between the S dimer and S
monomer configurations. This means that the two configura-
tions are close in energy and the preferred structure is likely
to be determined by, for example, additional interactions.
Later we shall see that the presence of an Au substrate can
significantly affect the position of the transition point.
C. Electronic structure
As discussed in Sec. V an infinite sheet of MoS2 is semi-
conducting. However, terminating the MoS2 slab by an Mo
edge and an S edge changes the band structure significantly,
see Fig. 5.
When S dimers are adsorbed at the Mo edge three bands
are seen to cross the Fermi level, implying the existence of
three metallic states, labeled I–III. Direct inspection of the
corresponding KS wave functions reveals that I and II are
localized at the Mo edge whereas III is localized at the fully
covered S edge. The two metallic wave functions at the Mo
edge are shown in Fig. 5. Edge state I has a Fermi wave
vector of kF.0.39 Å21 and is seen to be almost completely
localized at the S dimers. It is a superposition of px orbitals
comprising two parallel chains along the edge. From the
phase of the orbitals the two chains are noticed to be anti-
bonding. Edge state II is seen to extend over the first three
rows with kF .0.67 Å21. It is primarily constituted by two
bonds: ~i! The d-d bond between the first row Mo atoms.
From atomic projections we have found that the character of
these orbitals is mainly dxy and by the interatomic symmetry
the corresponding Hamiltonian matrix element must be
Vddp .36 ~ii! The p-d bond between the two second row S
atoms and the Mo atom behind. Atomic projections show
that the Mo d state is dominated by dx22y2 whereas the state
on the S atom is a p orbital pointing towards Mo. The bond
is seen to have an even symmetry and thus the corresponding
Hamiltonian matrix element is bonding Vpds .
FIG. 4. The edge free energy g as a function of the chemical
potential of sulfur, mS , plotted for three configurations at the Mo
edge ~see Fig. 1!: the S dimer configuration, the S monomer con-
figuration, and the intermediate configuration. The S edge of the
MoS2 stripe has a coverage of 100%. The arrows indicate the values
of mS under STM and HDS conditions, see Table II.
TABLE II. The chemical potentials, mS and mH , calculated for three sets of (T ,pH2,pH2S) using Eqs. ~10!
and ~12!. ~I! and ~S! are related to the STM experiments and represent estimates for the conditions during the
imaging and synthesis of the MoS2 nanoclusters ~Ref. 7!. During synthesis pH2 is determined by the purity of
the H2S gas, 99.8%. For imaging the base pressure is estimated to be 1.0310213 bars corresponding to UHV
and we assume that the relative amount pH2S /pH2 remains constant from synthesis. The last situation, ~H!,
represents typical working conditions for the HDS catalyst.
T ~K! pH2 ~bars! pH2S ~bars! mS2mS(bulk) ~eV! mH2
1
2 EH2 ~eV!
~I! STM imaging 300 2.0310216 1.0310213 20.29 20.49
~S! STM sulfidation 673 2.0310212 1.031029 20.39 21.08
~H! HDS 650 10 0.1 20.99 20.22
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Below the Fermi level the energy band of edge state I is
seen in Fig. 5 to extend into the region of the MoS2 bulk
states. There the edge state may have a nonzero overlap with
the bulk states. Due to this interaction hybrid bonding and
antibonding states are formed resulting in an avoided cross-
ing between the edge-state band and the bulk-state band. For
this reason the edge states are in general expected to only
exist within the MoS2 band gap. A similar behavior is known
for intrinsic surface states that emerge within the band gaps
of bulk crystals.37 When a surface-state band crosses the
boundaries of this region it hybridizes with the bulk states
and forms a so-called surface resonance.
In Fig. 5 the band structure of the Mo edge with S mono-
mers adsorbed is also shown. There the number of metallic
states is noticed to be one. Since the MoS2 stripe has a fully
covered S edge the metallic state, labeled III, can readily be
identified with the metallic S edge state @also labeled III in
Fig. 5~a!#. Still, the band structures of the two metallic edge
states, III in Figs. 5~a! and 5~b!, are noticed not to be com-
pletely identical, but a discussion of this difference is post-
poned to Sec. IX C. Returning to the Mo edge this means
that there are no metallic edge states associated with this
edge and it is thus rendered semiconducting by the S mono-
mers. However, this observation does not necessarily exclude
the existence of nonmetallic edge states. Indeed, the presence
of such states is inferred by the reduced band gap. In Fig.
5~b! the transition between the edge-state conduction band
and the edge-state valence band is indicated. The energy gap
is found to be 0.77 eV and this value is significantly smaller
than the calculated direct bulk band gap of 1.64 eV ~see
Table I!.
D. STM imaging
We have simulated STM images of both the S dimer con-
figuration and the S monomer configuration. The former is
shown in Fig. 6~a! and it is seen that a bright brim extends in
the row behind the S dimers.
The S dimers are also imaged clearly but there the protru-
sions are not associated with the S atoms themselves but
appear in the interstitial region. This implies that in terms of
the protrusions of the basal plane the protrusions at the edge
are shifted by half a lattice constant. ~It is remembered from
Sec. VI that the S lattice and the protrusions in the bulk
region coincide.! Next we focus on the imaging of the S
monomer configuration. Since neither of the edge states are
metallic the tunneling current is expected to be zero for a
small bias voltage. However, by applying a voltage beyond
the band gap tunneling states become available and in Fig.
6~b! a simulated STM image of the S monomer configuration
is shown for U520.18 V. Here the presence of a bright
brim that also extends in the row behind the S monomers is
noticed. The protrusions of the brim are located at the S
atoms but as the underlying atomic structure they display
superstructure with a periodicity of two lattice constants.
Moreover, the S monomers are noticed to be imaged very
FIG. 5. ~Color! One-
dimensional energy bands around
the Fermi level ~red! for ~a! a
~1,12! MoS2 stripe with S dimers
adsorbed at the Mo edge and ~b! a
~2,6! MoS2 stripe with S mono-
mers adsorbed at the Mo edge.
Both stripes have a fully covered
S edge. The green lines represent
the band structure of an infinite
sheet of MoS2. Note also that the
Brillouin zone in ~a! is twice as
long as the one in ~b!. ~c! Con-
tours of the KS wave functions
corresponding to the metallic
states at the Mo edge. The con-
tours are colored according to the
phase of the wave functions and
the rapid oscillations are due to
the factor, exp(ikFr). The left
~right!, denoted I ~II!, corresponds
to kF.0.39 Å21 (kF.0.67 Å21)
as indicated by the arrows.
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weakly. In summary these characteristic features should
make the S monomer and S dimer configurations clearly dis-
tinguishable in a STM and will be the subject of a forthcom-
ing publication.38
E. Interaction with Au substrate
In Sec. VI we found that the presence of a metallic
Au~111! surface has important consequences for the elec-
tronic structure of the insulating MoS2 slab. In this section
we shall study the influence of Au on the Mo edge. First the
energetics of the edge is studied and we then investigate the
interaction between the Au states and the metallic edge
states.
In order to investigate the influence of Au we have carried
out DFT calculations for a ~1,6! MoS2 stripe adsorbed on an
Au~111! surface with both S dimers and S monomers ad-
sorbed at the Mo edge. The relative sulfur binding energy
between these configurations, DES , is now found to be 0.19
eV per S atom. This implies that in the presence of the Au
substrate the S dimer configuration has now become the most
stable structure at the Mo edge at zero temperature. Compar-
ing with the sulfur binding for the isolated edge, DES
520.12 eV, the change of stability is 0.31 eV. A portion of
this energy difference, however, derives from the size of the
applied supercell. Since the unit vector in the x direction of
the MoS2 /Au system has the length of a single lattice con-
stant the S monomers cannot achieve their lowest-energy
configuration where the Mo edge atoms form dimers, as de-
scribed in Sec. VII A. The energy gain associated with this
superstructure is estimated to be 0.09 eV for the isolated Mo
edge. The zero-temperature results can now be extended to
more realistic conditions and in Fig. 7 the edge free energies
of the S dimer and S monomer configurations in the presence
of an Au substrate are compared.
Here it is clearly seen that the Au~111! substrate influ-
ences the structural stability of the Mo edge, cf. Fig. 4. The
transition point between the two edge terminations has
moved from mS2mS(bulk);20.21 eV for the isolated MoS2
edge to 20.52 eV in the presence of the Au substrate. These
changes are important for the STM experiment where the S
dimer configuration is now noticed to be the most stable
structure. In fact, this is the case during both imaging and
sulfidation, ~I! and ~S!, respectively. On the other hand the S
monomer configuration is still clearly preferred under HDS
conditions.
We now proceed to investigate the influence of Au~111!
on the electronic structure of the Mo edge with emphasis on
the S dimer configuration. In Fig. 8 we compare for this edge
FIG. 6. Simulated STM images for ~a! a ~1,12! MoS2 stripe with
S dimers adsorbed at the Mo edge and ~b! a ~2,6! MoS2 stripe with
S monomers adsorbed at the Mo edge. The contour value for ~a! is
r(r0 ,«F)58.331026 (Å3 eV)21. For the S monomers the STM
topograph is calculated using Eq. ~23! with U520.18 V. The
contour value is determined by 20.18 eV3r(«F ,r0)521.5
31026 Å23. Both color scales correspond to a corrugation of
1.5 Å.
FIG. 7. ~1,6! MoS2 stripe on Au~111!. The edge free energy g as
a function of the chemical potential of sulfur, mS , shown for two
different configurations at the Mo edge: the S dimer configuration
and the S monomer configuration. The MoS2 stripes have a fully
covered S edge. The arrows indicate the values of mS under STM
and HDS conditions, see Table II.
FIG. 8. MoS2 /Au(111) with S dimers adsorbed at the Mo edge.
Left: Atom projected density of states ~ADOS! for selected atoms in
the MoS2 stripe: the top S atom in the S dimer (Sedge), the Mo atom
at the edge (Moedge), and a Mo in the interior of the stripe (Moint ).
The ADOS is calculated by first projecting the localized set of
atomic orbitals on the self-consistent Kohn-Sham wave function
and then adding the contributions from all the orbitals situated on
the same atom. Right: simulated STM image for a ~1,6! MoS2
stripe. For clarity the Au atoms have not been retained. The contour
value is r(r0 ,«F)58.331026 (Å3 eV)21 and the color scale corre-
sponds to a corrugation of 1.5 Å.
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termination the atom projected density of states ~ADOS! cal-
culated for three different atoms in the MoS2 stripe with and
without an underlying Au surface.
In general, it is seen that the interaction with the elec-
tronic Au states causes a broadening of the features in the
ADOS as well as a small shift down in energy. For the S and
Mo atoms at the Mo edge the electronic structure at the
Fermi level remains essentially unchanged thus indicating
that the metallic edge states are only weakly perturbed by the
presence of Au. However, as expected from the discussion in
Sec. VI the ADOS for the Mo atom in the interior of the
MoS2 stripe becomes nonzero within the intrinsic band gap
of bulk MoS2. These trends are also reflected in the simu-
lated STM image for the S dimer configuration shown in Fig.
8. It is seen that the imaging of the metallic states localized
at the edge is essentially unchanged by the presence of Au.
When moving away from the edge the interaction with the
substrate becomes clear, cf. Fig. 6~a!. The LDOS at the
Fermi level is now nonzero and the S atoms ~Mo atoms! are
imaged as protrusions ~depressions!. These observations are
in agreement with the simulated STM image for the infinite
MoS2 /Au system shown ~see Fig. 2!.
VIII. ADSORPTION OF HYDROGEN
It is well known that the basal plane of MoS2 is chemi-
cally not very active. Experimentally it has been shown that
organic molecules such as thiophene and butene only adsorb
there at cryogenic temperatures.39 Moreover, based on a DFT
study Byskov et al. have reported34 that hydrogen cannot
form stable bonds with the MoS2 basal plane. This indicates,
as is generally accepted, that the chemically active sites in
HDS must be associated with the edges and a few previous
studies have therefore focused on the reactivity of the edges
towards hydrogen.40–42
As discussed in Sec. VII A the Mo edge atoms are fully
coordinated when either of the two stable configurations, S
dimers or S monomers, is present. This immediately suggests
that the Mo edge is chemically inert. However, the electronic
structure at the Mo edge is also influenced by the presence of
edge states. These states may interact with the adsorbates and
form stable chemical bonds. It should be stressed that the
origin of such bonds will not be of a localized nature that can
be accounted for by simple electron counting.
In the following we shall study the adsorption of atomic
hydrogen at the Mo edge. The reason for this is twofold: first
hydrogen may be regarded as a simple probe testing the
chemical activity of the edges. Second, hydrogen is abundant
under HDS conditions and during sulfidation of the MoS2
clusters in the STM experiment. In relation to the HDS pro-
cess the dissociative adsorption of hydrogen is important. It
is often referred to as hydrogen activation and the activated
hydrogen can then react with the sulfur atom of an adsorbed
organic compound.
First the atomic structure for a number of different ad-
sorption sites will be presented and we then extend the
thermodynamic treatment of Sec. VII B to include the possi-
bility for hydrogen adsorption at the Mo edge. Finally, the
influence of hydrogen on the electronic structure and STM
imaging is discussed.
A. Adsorption sites
A number of different adsorption sites for hydrogen have
been found at both the S dimer and S monomer configura-
tions. These sites are identified by first placing hydrogen in a
number of different initial configurations. Then all atomic
coordinates are relaxed according to the calculated forces
and in this way a ~local! minimum on the potential-energy
surface for hydrogen is obtained. The atomic structures thus
found are listed in Fig. 9 along with the calculated values for
DEH , see Eq. ~21!.
Here it is seen that only a single site is associated with an
energy gain, DEH,0. A weak bond, the configuration of
Fig. 9~g!, may be formed with the Mo edge when H adsorbs
on every second S monomer. On the other hand, there are no
stable configurations associated with the S dimer configura-
tion. From Fig. 9 it is seen that three hydrogen configurations
at this edge structure have DEH close to zero, Figs. 9~c!,
9~d!, and 9~f!, and the binding energies per H atom are only
separated by 0.07 eV. One of them is seen to involve the
adsorption of two hydrogen atoms between the S dimers and
the two others have H adsorbed atop both sides of the S
dimers. For the two latter ones the adsorption of hydrogen
causes the S dimers to split into two S-H groups. However,
FIG. 9. The investigated Mo edge adsorption sites for hydrogen
and their calculated binding energies, DEH . The configurations are
viewed from the side of the Mo edge. Each configuration represents
a ~local! minimum on the potential-energy surface for hydrogen. We
note that the calculations are performed with a ~2,6! @*5~1,12!#
MoS2 stripe.
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in thermodynamic equilibrium neither of these configura-
tions is expected to be stable and hence only the configura-
tion of Fig. 9~g! is likely to exist at the Mo edge. This result
also indicates that the S monomer configuration in general is
chemically more active than the S dimer configuration.
B. Thermodynamic treatment
In Sec. VII B the relative stability of the S monomer and
the S dimer configurations was examined in thermodynamic
equilibrium. We now extend this treatment to also include
the possibility for hydrogen adsorption and the edge free
energy then becomes dependent on both mS and mH . Since
the stable structure will be the one that minimizes the edge
free energy, g , we can plot a diagram indicating the pre-
ferred structure for realistic values of mS and mH . Such a
diagram is shown in Fig. 10.
Here it is seen that by allowing for the adsorption of H on
the MoS2 stripe a new stable structure emerges for high val-
ues of mH . This structure corresponds to the configuration in
Fig. 9~g! where a hydrogen atom is adsorbed on every sec-
ond S monomer. In Fig. 10 the points ~I! and ~S! indicate the
positions of the chemical potentials during the STM experi-
ment. Due to their low value of mH the adsorption of hydro-
gen at the Mo edge is seen not to be relevant under these
conditions. Under HDS conditions, however, the chemical
potential is right above the transition line where hydrogen
will start to adsorb at the S monomers. This suggests that in
this regime hydrogen is abundant at the edge in the form of
S-H groups. The presence of hydrogen will also influence the
electronic structure, and this issue will be addressed in more
detail in the next section.
C. Electronic structure and STM imaging
In Sec. VIII B it was established that in thermodynamic
equilibrium the configuration, where hydrogen is adsorbed
on every second S monomer, may be realized for large val-
ues of mH . In fact, this configuration was predicted to be
observed under HDS conditions and its electronic structure
must thus be important for understanding the catalytic prop-
erties of the Mo edge. In Fig. 11 it is seen that two metallic
edge states exist.
The edge state labeled III is readily identified with the
metallic edge state localized at the S edge. The other metallic
state labeled IH is localized at the Mo edge. This shows that
the adsorption of hydrogen changes the Mo edge from semi-
conducting to metallic. The metallic edge state is noticed to
have a low occupation with kF50.07 Å21. A simulated STM
image of the Mo edge is also shown in Fig. 11. Like the STM
images for the S monomer and S dimer configurations it is
seen to have a bright brim extending along the row behind
the adsorbates at the edge. However, the protrusions of the
bright brim are now located at the Mo atoms. This implies
that they will appear out of registry with the S lattice and
thus with the protrusions in the bulk region. Moreover, the
interstitial region between the S monomers is seen to be
imaged rather than the S monomers themselves. This in turn
implies that the protrusions at the edge will be in registry
with the protrusions of the basal plane. In summary these
characteristic features should make the S monomer 1 H con-
figuration clearly distinguishable from the clean S dimer and
S monomer configurations using STM.
Next we focus on the S dimer configuration at the Mo
edge. According to Sec. VIII B hydrogen is not expected to
adsorb at this structure in thermodynamic equilibrium. How-
ever, experimentally MoS2 clusters with S dimers adsorbed
at the edges5 have been exposed to doses of reactive H
atoms.43 This, of course, changes the binding energies for the
hydrogen dramatically. In order to evaluate this new binding
energy the term in Eq. ~21!, NH EH2/2, should be replaced by
NHEH , where EH is the DFT energy for an isolated H atom.
For the configurations Figs. 9~c!, 9~d!, and 9~f! the hydrogen
binding energies now become DEH524.51 eV ~0.03 eV!,
24.37 eV ~0.17 eV!, and 28.93 eV ~0.17 eV!, respectively.
~In parentheses the binding energies in the presence of H2 are
indicated.! This shows that the configuration in Fig. 9~f!
where H atoms are adsorbed on both sides of every S dimer
becomes by far the most stable configuration, the reason be-
ing that this structure is the one that can bind the most H
atoms per unit edge length. The associated band structure is
shown in Fig. 12.
Comparing with the clean S dimer configuration it is seen
that the number of metallic bands has remained constant, and
the influence of hydrogen is simply to induce a small shift in
energy of the two metallic bands at the Mo edge. As seen in
Fig. 12 the imaging of the edge is also essentially un-
changed, cf. Fig. 6, retaining all the characteristic features of
the clean edge.
FIG. 10. The stable configurations at the Mo edge for realistic
values of mS and mH . The labels refer to the three experimental
situations listed in Table II.
FIG. 11. A ~2,6! MoS2 stripe with S monomers 1 H adsorbed at
the Mo edge, see the configuration in Fig. 9~g!, and a fully covered
S edge. Left: the band diagram for energies around the Fermi level.
Right: simulated STM image with r(«F ,r0)58.3
31026 (eV Å3)21. The color scale corresponds to a corrugation of
1.5 Å.
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IX. S EDGE
A. Edge configurations
The sulfur-terminated (1¯010) edge, the S edge, exposes a
row of S atoms. This configuration, shown in Fig. 1, is re-
ferred to as the fully covered S edge. It clearly breaks the
symmetry of the S lattice along the edge: the S edge atoms
form dimers and every second S dimer is pointing either up
or down. The Mo atoms in the row behind are also found to
dimerize in the x direction with a small amplitude of 0.1 Å.
We have estimated the energy gain associated with this wob-
bling to be 0.23 eV. Vacancies can also be formed by remov-
ing S atoms from the edge. In contrast to the Mo edge neither
of these configurations reconstructs. Hence having a cover-
age below 100% automatically implies the presence of coor-
dinatively unsaturated Mo atoms. Two examples of such con-
figurations are shown in Fig. 1 indicating the atomic
structure of the 75% and 50% covered S edge.
B. Energetics
As for the Mo edge the different edge configurations at
the S edge are related via the reaction in Eq. ~9!. We find for
the 75% covered S edge that DES 50.23 eV, see Eq. ~25!,
relative to the fully covered S edge. Moreover, the removal
of an additional S atom thus achieving a coverage of 50%
yields DES 50.64 eV. Therefore the creation of a vacancy
and thus the exposure of unsaturated Mo atoms is an acti-
vated process and it becomes energetically increasingly ex-
pensive to remove additional S atoms. However, comparing
these values with the formation energy of a single unsatur-
ated Mo atom at the Mo edge, DES 50.49 eV, we see that
unsaturated Mo atoms are more easily accessible at the S
edge. For this reason the S edge is expected to be chemically
more active than the Mo edge, and this difference is, of
course, important for the HDS process.
A number of adsorption sites for hydrogen has also been
identified at the S edge using the same procedure as in Sec.
VIII A for the Mo edge. Figure 13 displays the investigated
configurations along with their calculated values for the hy-
drogen binding energy, DEH .
In general, it is seen that the hydrogen bonds formed at
the S edge are stronger than those at the Mo edge, cf. Fig. 9.
Having a coverage of 50% Fig. 13 shows that DEH is always
positive indicating that stable hydrogen will not be present at
low coverages (<50%). On the other hand, hydrogen may
form stable bonds, DEH ,0, with the fully covered S edge.
The adsorption of hydrogen causes the S dimer to split cre-
ating one or two S-H groups. In Fig. 13 it is noticed that the
configuration of Fig. 13~b!, where two H atoms are adsorbed
on top of the two S dimers of a fully covered S edge, yields
the strongest binding energy. In fact, the energy gain associ-
ated with the addition of two H atoms, see the configuration
13~d!, is large and negative. For the 75% covered S edge two
stable configurations are seen to exist, the configurations
Figs. 13~e! and 13~g!, having an energy difference of only
0.13 eV. Hence both structures are likely to exist for this
coverage and their relative stability will depend on the tem-
perature and partial pressure of hydrogen.
These results can now be extended to more realistic con-
ditions by application of the thermodynamic model. In Fig.
14 is shown a diagram for the S edge indicating the stable
structures for realistic values of mS and mH .
It is seen that four different structures may be present: at
high values of mS and low values of mH having 100% cov-
erage yields the lowest edge free energy. However, by de-
creasing mS the creation of vacancies becomes more favored
and at mS 2mS(bulk);20.56 eV there is a change of stability.
Below this value the 75% covered S edge is more stable.
Reducing mS further an additional vacancy is created at
mS 2mS(bulk);20.97 eV resulting in a coverage of 50%. It
FIG. 12. A ~1,12! MoS2 stripe with S dimers and hydrogen
adsorbed at the Mo edge, see the configuration in Fig. 9~f!, and
a fully covered S edge. Left: the band diagram for energies around
the Fermi level with ~solid! and without ~dotted! hydrogen ad-
sorbed. Right: simulated STM image with r(«F ,r0)58.3
31026 (eV Å3)21. The color scale corresponds to a corrugation of
1.5 Å.
FIG. 13. The investigated S edge adsorption sites for hydrogen
and their calculated binding energies, DEH . The configurations are
viewed from the side of the S edge. Each configuration represents a
~local! minimum on the potential-energy surface for hydrogen. We
note that the calculations have been performed with a ~2,6! MoS2
stripe.
M. V. BOLLINGER, K. W. JACOBSEN, AND J. K. NORSKOV PHYSICAL REVIEW B 67, 085410 ~2003!
085410-12
should be emphasized, though, that for the real S edge the
coverage will not be reduced in steps of 25% but rather de-
crease continuously from a coverage of 100% as mS is low-
ered. The stepwise reduction stems from the finite size of the
unit cell parallel to the edge. Now, having a high value of
mH stabilizes the fully covered S edge and hydrogen will
adsorb as shown in the configuration of Fig. 13~b!. Due to
the large energy gain associated with this structure, the con-
figurations Figs. 13~e! or 13~g! do not become stable for any
realistic value of mS . In fact, as indicated by ~H! in Fig.
14~b!, the configuration is expected to be stable even under
HDS conditions. ~I! and ~S! refer to the imaging and sulfi-
dation conditions, respectively, during the STM experiment.
It is seen that if an S edge is exposed a fully covered edge
will be synthesized under sulfidation, but as imaging condi-
tions are achieved hydrogen adsorption at the edge becomes
favored.
C. Electronic structure
In this section we focus on the fully covered S edge with
or without hydrogen adsorbed. The one-dimensional energy
bands for these structures are shown in Fig. 15.
For both systems the presence of three metallic states,
denoted I, II, and III (IIIH ), is noticed. Since the MoS2
stripes both have S dimers adsorbed at the Mo edge, the
states I and II are readily identified with the two one-
dimensional, metallic edge states localized at the Mo edge.
@Because the supercell contains two rows of Mo atoms in the
x direction, II is seen to be zone folded, cf. Fig. 5~a!.# Direct
inspection of the remaining states III and IIIH reveals that
they are both localized at the S edge. For the clean S edge,
III is seen in Fig. 15 to approach the Fermi level when mov-
ing towards the Brillouin-zone boundary without actually
crossing it. A difference compared to Fig. 5 is noticed: there
the energy band of the edge state III is seen to cross the
Fermi level. This derives from the superstructure displayed
by the fully covered S edge. Since the calculation presented
in Sec. VII C was performed with a supercell containing only
a single row of Mo atoms it did not allow for the superstruc-
ture to be formed. The difference between the two bands thus
reflects the changes caused by the wobbling of the fully cov-
ered S edge. Adsorbing H on the S dimers changes the band
structure of the S edge state, now denoted IIIH . Figure 15
shows that the edge state has become truly metallic and
crosses the Fermi level at kF .0.15 Å21.
Contour plots of the metallic edge states III and IIIH are
also displayed in Fig. 15. For the clean S edge the edge state
III is characterized by two chemical bonds: the d-d bond
between the first row Mo atoms and the p-d bond between
the same Mo atoms and the S atoms at the edge. Like the
atomic structure, the bonds exhibit a periodicity of two along
the edge. The d-d bond is seen to be between the Mo atoms
that belong to different dimers. In contrast, the Mo atoms
only couple with the S dimers located in the direction of the
dimerization. Turning to the other metallic edge state IIIH , it
is generated when H adsorbs on top of every S edge atom.
Figure 15 shows that it is primarily characterized by the
bond between the p orbital on the lower S atom at the edge
FIG. 14. A diagram indicating the stable structures at the S edge
for different values of (mS ,mH ). The labels refer to the three ex-
perimental situations listed in Table II.
FIG. 15. ~Color! Top: Com-
parison of the one-dimensional
energy bands at the Fermi level
for a ~2,6! MoS2 stripe having a
fully covered S edge with @red, the
configuration in Fig. 13~b!# and
without H adsorbed @green, 100%
coverage in Fig. 1#. The MoS2
stripes have S dimers adsorbed at
the Mo edge. Bottom: Contours of
the KS wave functions corre-
sponding to the one-dimensional,
metallic edge states at the S edge.
The left ~right!, labeled III (IIIH )
as indicated by the arrow, has kF
.0.49 Å21 (kF .0.15 Å21).
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and the Mo d orbital in the row behind. The corresponding
Hamiltonian matrix element is seen to be Vpdp .
D. STM imaging
STM images have been simulated for the fully covered S
edge with and without hydrogen. They are displayed in Fig.
16 and for the fully covered S edge the following character-
istic features are noticed. A bright brim is seen to extend in
the row behind the edge. As the underlying atomic structure
it displays a clear superstructure with a periodicity of two
lattice constants. This periodicity is also retained at the outer
row of S atoms where only the elevated S dimers are imaged.
The simulated STM image for the fully covered S edge has
the periodicity of the lattice, see Fig. 16~b!. It has a bright
brim that extends in the row behind the edge. Furthermore,
the S–H groups are noticed to be imaged clearly. In sum-
mary these characteristic features should make the two con-
figurations clearly distinguishable in STM.
X. EFFECTS CAUSED BY FINITE-SIZE EDGES
The theoretically studied MoS2 stripes have infinite edges
and it is certainly possible that when such stripes are termi-
nated by corners, changes in both the electronic and atomic
structure of the edges may occur. This section is devoted to a
study of these effects where the emphasis will be on the Mo
edge with S dimers adsorbed.
In order to investigate the finite-size effects we have car-
ried out DFT calculations for small MoS2 triangles. The cal-
culational details are presented in Sec. X A and the electronic
and structural changes caused by the triangular shape are
then studied in the subsequent section.
A. Calculational details
We have carried out DFT calculations for three differently
sized MoS2 triangles, all exposing the Mo edge with S
dimers adsorbed. The islands have N54 –6 S dimers ad-
sorbed along the edges. Each supercell contains a single
MoS2 triangle and the repeated triangles are separated by
approximately 10 Å.44
At the corners of the MoS2 triangles a number of different
atomic structures are feasible. We have investigated three
different configurations with either an S dimer, an S mono-
mer, or a vacancy present at the corner Mo atom. The sulfur
binding energy is calculated using Eq. ~25! and we find that
the vacancy corresponds to the energetically most stable con-
figuration. This result is not surprising since a vacancy ren-
ders the corner Mo atom coordinated by six S atoms.
B. Electronic and structural effects
We first focus on the N54 MoS2 triangle shown in Fig.
17. Inspection of the electronic structure around the Fermi
level reveals the presence of three states that are reminiscent
of the metallic S dimer state, referred to as edge state I in
Sec. VII C. Their eigenvalues are «520.10 eV, 0.06 eV,
and 0.06 eV and the wave functions are shown in Figs.
17~a!–17~c!.
The triangle has a C3 symmetry and the state of Fig. 17~a!
can thus be identified with the A representation of this group.
On the other hand the two degenerate states belong to the
two-dimensional E representation.
In order to understand the underlying physics we adopt a
simple tight-binding picture. This is justified by the observa-
tion that the energy band of the metallic S dimer state for the
infinite edge, see Fig. 5, is seen to closely resemble the well-
known shape of a one-dimensional tight-binding band,
FIG. 16. Simulated STM images for ~a! a ~2,6! MoS2 stripe with
a fully covered S edge and ~b! a ~1,12! MoS2 stripe with configu-
ration ~b! at the S edge. r(r0 ,«F)58.331026 (Å3 eV)21 is used as
the contour value and the color scale corresponds to a corrugation
of 1.5 Å.
FIG. 17. ~Color! N54 MoS2 triangle. ~a!–~c! show contours of the KS wave functions for the S dimer states. The eigenvalues are «
520.10 eV, 0.06 eV, and 0.06 eV and the contours are colored according to the phase of the wave functions. ~d! shows a simulated STM
image. r(r0 ,«F)58.331026 (Å3 eV)21 is used as the contour value and the Gaussian width is set to 50 meV. The color scale corresponds
to a corrugation of 2.0 Å.
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«(k)5«012tedge cos(k), where «0 is the center of the band
and tedge is the hopping matrix element between neighboring
S dimers. With this identification we estimate tedge to be of
the order of 1 eV. The energy splitting of the S dimer states
in Fig. 17, d«;0.1 eV, can then be taken as the measure for
the hopping matrix element between the different edges,
tcorner . This implies that at the corners of the MoS2 triangle
the hopping matrix elements are an order-of-magnitude
smaller than along the edges. tcorner thus only needs to be
treated as a first-order perturbation connecting the three oth-
erwise isolated, finite chains of S dimers. In Fig. 17 the
phase of the p orbitals is noticed to change by p between the
two central S dimers. Following the lines of the discussion
above this pattern can be understood within a tight-binding
picture: the S dimer states extending along the individual
edges may simply be regarded as eigenstates of the finite
tight-binding Hamiltonian.
We shall now study how the triangular shape influences
the STM imaging. Since the MoS2 triangles are of finite size
they will have a discrete excitation spectrum. At small bias
voltages Eq. ~24! applies but due to thermal smearing, states
that are approximately within the range of kB T of the Fermi
level will contribute to the current. In Fig. 17~d! a simulated
STM image of the N54 MoS2 triangle is shown. For this
image the Gaussian width is set to 50 meV. It is seen that the
effects of the corner discussed above are also clear from the
STM image in Fig. 17~d! where the interstitial regions be-
tween the two central S dimers are noticed to have more
pronounced protrusions. This is explained by the observation
that when there is a change of phase by p between two
neighboring p orbitals, the lobes in the interstitial region will
begin to interfere constructively instead of destructively.
Consequently, this region will also have more pronounced
images.
In the following we discuss how this effect carries over to
larger triangles. In Fig. 18 the singlet S dimer states closest
to the Fermi level are shown for N54 –6.
Again it is noticed that the corners introduce standing
wave patterns along each of the edges. However, for N56 a
small structural relaxation of the S dimers is also observed.
Along each edge the S dimers are found to form two groups
of trimers. Such a structural relaxation will also influence the
STM imaging. In general, it is expected that if the distance
between two dimers is decreased the overlap between the p
orbitals is changed: the destructive interference between the
lobes of these orbitals becomes stronger and the resulting
intensity of the protrusion is weakened. The opposite effect
will, of course, be relevant when the distance between two S
dimers is increased. Recently Schweiger and co-workers
have presented calculations for larger MoS2 triangles having
up to ten S dimers adsorbed along each edge.35 For this size
of triangles they report the S dimers to show a weak pairing
parallel to the edge. According to the discussion above and in
agreement with a simulated STM image of the MoS2 tri-
angle, see Ref. 35, the resulting protrusions along the Mo
edge show a superstructure where every second protrusion is
imaged more clearly than its two neighbors. Our DFT calcu-
lations for the N56 MoS2 triangle have shown a similar
pairing for the S dimers along a single edge. This configura-
tion is, however, metastable with an energy difference of
0.54 eV to the unpaired stable structure. We stress that the
pairing of the S dimers must be an effect caused by the finite
length of the MoS2 edges, and based on the investigation of
the MoS2 stripes the pairing is expected to disappear in the
limit of an infinite MoS2 edge.
XI. RELATION TO STM EXPERIMENTS
In this section we will relate the theoretical analysis pre-
sented in this paper to a recent STM experiment on MoS2.8
First we briefly outline the details of the STM experiment
and give a description of the recorded STM images. The
experimental images are then compared with their simulated
counterparts. Finally, the STM experiment is discussed in
relation with the thermodynamic treatment.
The STM experiment is performed in ultrahigh vacuum
~UHV! using a reconstructed Au~111! surface as a template.
Triangular shaped, single-layer MoS2 islands are then syn-
thesized on the substrate with the parameters given in Table
II. For imaging the temperature is lowered to 300 K and
UHV conditions are achieved. The STM images are recorded
in constant current mode with a bias voltage in the mV
range. For more experimental details, see Ref. 7. An experi-
mental STM image of a single-layer MoS2 triangle is shown
in Fig. 19.
The triangular shape implies that all three sides will be
terminated by the same type of edge, i.e., either an Mo edge
FIG. 18. ~Color! Contours of the KS wave functions representing the S dimer states for N54 –6. The eigenvalues are 20.10 eV, 0.31
eV, and 20.07 eV, respectively, relative to the Fermi level, and the contours are colored according to the phases.
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or an S edge. In Fig. 19 it is clearly seen that a bright brim of
high conductance extends in the row behind the edges. As
discussed in Sec. VI the nonzero current measured in the
interior of the cluster is due to the Au substrate and we can
associate the protrusions in this region with the triangular S
atom lattice. However, in terms of this lattice the protrusions
in the outermost row are seen to be shifted by half a lattice
constant. The intensity of these protrusions also shows a
variation with a periodicity of two lattice constants: every
second protrusion is imaged more clearly than its two neigh-
bors.
Comparing with Fig. 6~a! we see that the characteristic
features observed for the MoS2 triangle are also retained in
the simulated image of an Mo edge with S dimers adsorbed.
We are thus led to conclude that the observed edge structure
can be associated with this configuration. There is, however,
a difference between the two images. As described above,
the experimental image displays a superstructure along the
edges that is not retained in the simulated image of the infi-
nite MoS2 edge. This suggests that the observed superstruc-
ture is due to the finite length of the edges of the experimen-
tal structure. In fact, as discussed in Sec. X B recent DFT
calculations on finite-size Mo edges display a similar period-
icity due to a pairing of the S dimers.
In summary we have established that during the imaging
of the MoS2 triangles their sides are terminated by an Mo
edge with S dimers adsorbed. In terms of the thermodynamic
treatment this corresponds to situation ~I! in Table II. Refer-
ring to Fig. 7 it can be seen that in the presence of the
Au~111! substrate the S dimer configuration is indeed the
most stable structure. In fact, the S dimers are expected to be
stable even during sulfidation. We emphasize that a different
result would be obtained if the effect of the substrate was
omitted. In that case the calculations for the isolated Mo
edge show that the S monomer configuration is the more
stable structure, cf. Fig. 4.
XII. SUMMARY
We have presented a detailed investigation of both the
electronic and atomic structure of the edges of single-layer
MoS2. Depending on the edge termination several one-
dimensional metallic edge states have been identified at both
the Mo edge and the S edge. These intrinsic metallic states
may be regarded as one-dimensional analogs to two-
dimensional surface states. However, we have also identified
a single edge configuration, the Mo edge with S monomers
adsorbed, that is found to be semiconducting.
Using hydrogen as a probe the chemical activity of both
the Mo edge and the S edge has been investigated. We find
that the strongest hydrogen bonds are formed at the S edge
thus suggesting this edge to be chemically more active than
the Mo edge. However, a weak bond may also be formed
between hydrogen and the Mo edge when S monomers are
present.
In order to extend the DFT energies to finite temperatures
a scheme for calculating the edge free energy in the presence
of molecular H2 and H2S has been derived. We find that
under HDS conditions hydrogen is expected to be adsorbed
at both the Mo edge and the S edge in the form of S-H
groups. The availability of activated hydrogen is an impor-
tant prerequisite for the HDS process, and the results suggest
that in order to understand the catalytic nature of the MoS2
edges the presence of S-H groups must be taken into ac-
count. At the Mo edge it has been shown that both the insu-
lating and the metallic edges may be stable. A metal-to-
insulator transition can, for instance, be realized by suitably
adjusting the partial pressures of H2S and H2.
The theoretical analysis has also been applied to a recent
STM experiment on MoS2 nanostructures. Simulated STM
images have been compared with their experimental counter-
parts thereby providing an identification of the experimen-
tally observed edge structures. It is found that the edges of
the nanoclusters are associated with one-dimensional metal-
lic edge states and the triangles can thus be regarded as
closed, nanometer-sized wires. In general, we expect that
these one-dimensional, metallic edge states will also pertain
to other geometries, such as steps of the ~0001! surface of
bulk MoS2. Having, for instance, an Mo edge with S dimers
adsorbed, the step edge will be metallic having two local-
ized, one-dimensional conducting channels. We suggest that
such structures can be used as templates for future experi-
mental studies of one-dimensional metallic systems on the
nanometer length scale.45
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FIG. 19. An STM image of a triangular MoS2 nanocluster (48
353 Å2, Ut55.3 mV, I t51.28 nA). The cluster is synthesized
with pH2S510
29 bars and T5673 K. ~Figure adapted from Ref. 7.!
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